Abstract: A wideband spectrum-sliced amplified spontaneous emission (ASE) source operating in 1900-nm region is demonstrated using a newly developed double-clad ytterbiumsensitized thulium-doped fiber (YTF) and a Sagnac loop mirror. The YTF used was drawn from a D-shape preform, which was fabricated using the modified chemical vapor deposition (MCVD) and solution doping technique. The YTF was pumped by a 980-nm multimode laser to generate an ASE at 1900 nm through the transition of thulium ion from 3 F 4 to 3 H 6 with the assistance of ytterbium to thulium ion energy transfer. The broadband ASE was spectral sliced by the loop mirror, which was constructed using a 3-dB coupler and a piece of polarization maintaining fiber (PMF). A wideband comb with channel spacing of 3.3 nm and an extinction ratio of 9 dB was achieved with a multimode pump power of 1 W within a wavelength range of more than 300 nm. The center of the comb spectrum was at 1888 nm with peak power of around À53 dBm.
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Introduction
Multiwavelength sources have potential applications in dense wavelength-division-multiplexed (WDM) systems, optical instrument testing and characterization, optical fiber sensors, and spectroscopy [1] , [2] . Such light sources are particularly in-demand because they provide an efficient and economical solution to increase the flexibility of WDM systems. Many multiwavelength laser structures have been reported, which are mainly based on erbium-doped fiber amplifier (EDFA), semiconductor optical amplifiers (SOAs), or Raman amplifier [3] - [5] . However, such amplifiers normally operate in the C-and L-band regions. Extending the operating wavelength toward the midinfrared range is driven by a large number of promising applications. Two-micrometer laser systems offer exceptional advantages for free space applications compared with conventional systems that operate at shorter wavelengths. This benefit gives them a great market potential for use in LIDAR, gas sensing systems, and direct optical communication applications [6] , [7] .
Thulium and thulium-holmium doped fibers have been demonstrated to be prospective candidates for laser systems operating at around 2 m [7] , [8] . Thulium fiber has a broad amplification bandwidth between 1.65 m and 2.1 m and is, therefore, suitable for broadband multiwavelength source. Recently, a ytterbium-sensitized thulium-doped fiber laser (YTFL) was demonstrated for oscillation around 2 m based on ytterbium (Yb) to thulium (Tm) energy transfer [9] . Yb 3þ has the advantage of possessing only two multiplets: the ground-state level 2 F 7=2 and the excited-state level 2 F 5=2 , resulting in highly efficient absorption in the range of 900 nm-1000 nm. This particular energy level structure is highly desirable for efficient absorption of commercially available laser diodes emitting around 980 nm and avoiding any undesirable excited-state absorption under intense optical pumping.
In this paper, a multiwavelength light source operating in 1900 nm region is demonstrated using a short piece of 1 m long double-clad Yb-sensitized thulium-doped fiber (YTF) and a 980 nm multimode pumping. This pumping scheme shows promise for developing high efficiency, robust laser sources in the $ 2 m region that are analogous to the Yb to erbium (Er) silica fiber lasers, and amplifiers that are widely employed in the 1.5-m region. To the best of our knowledge, this marks the first demonstration of a multiwavelength source based on Yb to Tm energy transfer mechanism. Fig. 1 shows the experimental setup for the proposed multiwavelength source based on a spectrum-sliced amplified spontaneous emission (ASE) using a piece of YTF and a Sagnac loop mirror. The 1 m long YTF is forward pumped by a multimode 980 nm laser diode to provide a broadband ASE centered at 1900 nm. The ASE source is then spectrum sliced by the loop mirror, which is formed by a 2 Â 2 3-dB coupler and a piece of 3-m-long polarization maintaining fiber (PMF). The loop mirror functions as a comb filter, wherein the spacing depends on the effective length and birefringence of the PMF. In the loop mirror, the ASE is split into two beams by the 3 dB coupler, each travelling in clockwise and counterclockwise direction around the PMF. Due to the phase difference encountered when the two propagating beams meet in the loop, the beams interfere constructively and destructively. The phase change experienced by the different polarization components along the loop mirror is dependent on the total birefringence, which is contributed mainly by the PMF. The spacing of the comb filter can be tuned by either changing the PMF fiber length or the phase change using a polarization controller.
Experimental Setup
The YTF used in this experiment was drawn from a preform, which was fabricated using the modified chemical vapor deposition (MCVD) and solution doping techniques. The core of the preform was a combination of alumino silicate and yttrium alumino silicate fabricated through the deposition of multiple porous phosphosilicate layers at optimized deposition and presintering temperatures. In the solution doping process, Phosphosilicate layer was soaked into a suitable strength of alcoholic solution of YbCl 3 :6H 2 O, TmCl 3 :6H 2 O, AlCl 3 :6H 2 O, and YCl 3 :6H 2 O to incorporate the dopants. All codopants that were present in the solution went into the silica glass matrix during the sintering stage after the solution soaking process. During the collapsing process, the core glass was phase separated into silica rich and silica deficient areas so that a glass matrix was formed with a combination of Tm 2 O 3 and Yb 2 O 3 doped yttria alumino rich and deficient phase-separated silica glass matrix. The concentration level of doping ions was controlled by changing the porosity of the unsintered SiO 2 Fig. 1. Experimental setup. layer by manipulating the temperature, time of soaking and concentration level of components in the solution. Such silica glass matrix was then fabricated into a double-clad D-shaped fiber. As opposed to the conventional single mode fiber where the pump light is coupled directly into the core, the pump light travels down the fiber in the first cladding and get absorbed by the dopants, when it overlaps with the core. Fig. 2 exhibits the fluorescence or amplified spontaneous emission (ASE) spectra of the TDFA at different 980-nm pump power. As shown in the figure, the ASE spectra peak at 1888 nm. It is obvious that the peak power and the ASE bandwidth increase with the increment in pump power. At the maximum power of 1.0 W, a broadband ASE spectrum with a 10 dB bandwidth of more than 330 nm, which covers the wavelength range from 1770 nm to 2100 nm, is observed. The broadband 2-m emission is achieved through the transition of thulium ion from 3 level generates an ASE that is centered around 1888 nm. A 1470-nm emission is also observed with the maximum pump power due to the population inversion of thulium ions between energy level 3 H 4 to 3 F 4 . The broad ASE spectrum is used in conjunction with the Sagnac loop mirror to obtain a wideband multiwavelength source. The Sagnac loop mirror operates by splitting the input beam into two counter propagating beams which propagate through the PMFs with different velocity. Their individual polarization direction varies and the orthogonal components of travelling beam in the fast axis and slow axis may experience phase difference in the PMF. The interference between these two beams produces the multiwavelength comb at the output of the loop mirror. It is the result of the phase difference between the beams which the channel spacing is depended upon. Fig. 3 shows the optical spectra of the spectrum sliced ASE output at various 980 nm pump powers. The output comb covers the whole wavelength region from 1750 nm to 2100 nm with the maximum peak power of À53 dBm at around 1900 nm. The output power of the lines increases as the pump power increases. For instance, at around 1900 nm wavelength region, the peak power increases by 15 dB when the multimode 980 nm pump power is increased from 0.3 to 1.0 W. This is attributed to the population inversion which is proportional to pump power. As shown in the inset of Fig. 3 , the comb spacing and extinction ratio are 3.3 nm and 9 dB, respectively. The number of lines and channel spacing are determined by the phase difference between the two beams travelling inside the loop mirror. The phase difference can be controlled by adjusting the birefringence and the path length inside the loop. The proposed Yb-Tm system with 980-nm pumping is theoretically less efficient compared with the conventional Tm system with 780-nm pumping, but the cost of a high-power 980-nm laser diode is so much cheaper compared with that of a 780-nm laser diode. The proposed 2-m laser system would benefit from operating at eye-safer wavelengths, where permissible freespace transmission levels can be several order of magnitude greater than at 1 m. The multiwavelength source is suitable for future 2-m WDM application.
Result and Discussion

Conclusion
A wideband spectrum-sliced ASE is demonstrated based on a newly developed double-clad ytterbium-sensitized thulium-doped fiber (YTF). The YTF is forward pumped by 980 nm multimode laser to generate ASE at 1900 nm via the transition of thulium ion from 3 F 4 to 3 H 6 with the assistance of ytterbium to thulium ion energy transfer. The broadband ASE is spectral sliced by the loop mirror, which was constructed using a 3-dB coupler and a 3-m-long PMF. The output comb covers the whole wavelength region from 1750 nm to 2100 nm with the maximum peak power of À53 dBm at around 1900 nm. The channel spacing and extinction ratio are 3.3 nm and 9 dB, respectively, at multimode pump power of 1 W.
